PPM1D is a serine/threonine phosphatase that negatively regulates key DNA damage response proteins, such as p53, p38 MAPK, histone H2A.X, and ATM. We investigated the pathophysiological significance of PPM1D and its therapeutic targeting by the novel PPM1D inhibitor GSK2830371 in mantle cell lymphoma (MCL). Oncominebased analyses indicated increased PPM1D mRNA levels in MCL cells compared with their normal counterpart cells. Higher PPM1D expression was associated with higher expression of the proliferation gene signature and poorer prognosis in patients. Eight MCL (three p53 wild-type and five mutant) cell lines were exposed to GSK2830371. GSK2830371 inhibited the cell growth, being prominent in p53 wild-type cells. GSK2830371 induced apoptosis in sensitive cells, as evidenced by induction of phosphatidylserine externalization and loss of mitochondrial membrane potential. p53 knockdown de-sensitized cell sensitivity. GSK2830371 increased the levels of total and Ser15-phosphorylated p53, and p53 targets p21 and PUMA. GSK2830371 and the MDM2 inhibitor Nutlin-3a acted synergistically in p53 wild-type cells. Interestingly, GSK2830371 sensitized MCL cells to bortezomib and doxorubicin in p53 wild-type and mutant cells; p38 signaling appeared to be involved in the GSK2830371/bortezomib lethality. PPM1D inhibition may represent a novel therapeutic strategy for MCL, which can be exploited in combination therapeutic strategies for MCL.
INTRODUCTION
Mantle cell lymphoma (MCL) is a distinct type of non-Hodgkin lymphoma genetically characterized by balanced t (11:14) translocation and cyclin D1 overexpression [1, 2] . Despite recent improvements in therapy, the great majority of patients with MCL remain incurable [3] [4] [5] [6] . The selection of chemoresistant lymphoma subclones is thought to occur after conventional chemotherapies and targeted therapies, leading to an inevitable relapse of MCL [7] .
Many chemotherapeutic agents currently used for the treatment of MCL induce DNA damage and activate the tumor suppressor p53 [8] . Mutations in p53 are relatively rare in MCL (approximately 15% of cases). However, DNA damaging agents could potentially accelerate clonal evolution by inducing new mutations in the original clones. Recent preclinical studies have found that the reactivation of p53 consequent to inhibition of the MDM2-p53 interaction or XPO1 (a nuclear exporter for p53) via non-genotoxic small molecule inhibitors can induce apoptosis in lymphoma cells [9] [10] [11] . Furthermore, data from early phase clinical trials have demonstrated encouraging anti-tumor activities of MDM2 and XPO1 inhibitors in lymphoma patients [12, 13] . One limitation of single-agent p53 activation therapies is that a sufficient p53 response has not been attained in some cancer cells with wild-type p53. In MCL, p53 stabilization has not always led to p53-mediated transcriptional activation [11] . In this context, a more potent reactivation of wild-type p53 using a rational combination of non-genotoxic small molecules would constitute a novel strategy [14, 15] . On the other hand, the possibility of selecting p53-mutant subclones remains a potential clinical concern regarding the use of p53 inducers [16, 17] . Considering the intratumoral heterogeneity and subclonal architecture of MCL [18] , a p53-activating targeted therapy would ideally possess p53-independent anti-tumor activities.
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PPM1D (protein phosphatase, Mg2+/Mn2+ dependent 1D), also known as WIP1 (wild-type p53-induced phosphatase 1), is a serine/threonine phosphatase that negatively regulates key DNA damage response proteins, including p53, p38 MAPK, histone H2A.X, and ATM [19] and exhibits an oncogenic activity [20] . PPM1D overexpression or amplification has been reported in various cancers, including lung, breast, kidney, and ovarian cancers [21] [22] [23] [24] . GSK2830371, a novel PPM1D inhibitor, binds to a flap subdomain and, thus, regulates the enzymatic and substrate recognition activities of PPM1D [25] . Treatment of cancer cells with GSK2830371 has been found to increase the phosphorylation of PPM1D substrates, especially phosphorylated p53 at serine 15, and to induce growth inhibition and apoptosis in the cells harboring wild-type p53 [25] [26] [27] [28] . GSK2830371 has not been studied in MCL.
In this study, we investigated the clinical significance of PPM1D and the anti-lymphoma effects of GSK2830371 in MCL.
RESULTS

PPM1D overexpression is associated with a high proliferation-related gene expression signature and poor disease prognosis in patients with MCL
PPM1D mRNA expression levels in samples from patients with MCL were determined using Oncomine data (Compendia Bioscience, Ann Arbor, MI, USA). Our gene expression analyses revealed an increase in PPM1D mRNA expression in MCL samples (n = 8) relative to normal naïve B lymphocytes (n = 5; P = 0.044; GSE2350 [29] ), which are thought to be a normal counterpart of MCL cells ( Figure 1A ). The levels in MCL patient samples were significantly higher than those in four of five normal B-lineage cell types at different stages of maturation ( Figure 1A ). PPM1D mRNA levels positively correlated with CCND1 (Cyclin D1) mRNA levels (r = 0.33, P = 0.0014; n = 92; Figure 1B ) and with proliferation signature averages (r = 0.54, P < 0.0001; n = 92; Figure 1C ) in a series of MCL samples (http://llmpp.nih.gov/MCL [30] ). The proliferation signature has been shown to be a quantitative integrator of oncogenic events and survival predictor in MCL [30] . Importantly, increased PPM1D expression at diagnosis was itself associated with a poorer prognosis in MCL patients (median overall survival of 3.9 years and 1.4 years for cases in the lowest and highest PPM1D expression tertiles, respectively; P = 0.0047; Bonferroni-corrected threshold 0.0167; Figure 1D ). The median overall survival of the middle expression tertile was 3.1 years, representing an intermediate value between those of highest and lowest tertiles. These results indicate that PPM1D overexpression is associated with a highly proliferative disease phenotype and poor prognosis in patients with MCL and that PPM1D may be a potential therapeutic target in MCL. PPM1D mRNA levels were compared across major lymphoma types (GSE2350 [29] ). The levels in MCL were as high as those in aggressive lymphomas including Burkitt's lymphoma and diffuse large B-cell lymphoma, and were significantly higher than those in indolent lymphomas including chronic lymphocytic leukemia/small lymphocytic lymphoma (P = 0.0076) and follicular lymphoma (P = 0.011) (Supplementary Figure S1) . PPM1D expression was also determined at the protein level and, in accordance with mRNA expression results, the levels were higher in MCL cells than normal lymphocytes (Supplementary Figure S2) .
GSK2830371 exerts anti-proliferative and apoptotic effects on MCL cells in a partially p53-dependent manner
We next examined the effect of the PPM1D inhibitor GSK2830371 on cell growth and viability in MCL cell lines. Cells were treated with various concentrations of GSK2830371 (0, 2.5, 5, 10, or 20 µM) for 72 hours, and subjected to evaluations of IC50 values (inhibitory concentration at which cell growth is inhibited by 50% as determined by trypan blue dye exclusion assay) and ED50 values (effective concentration inducing 50% killing as measured by annexin V positivity) at 48 and 72 hours (Table 1) . Z-138, JVM-2, and Granta-519 express wildtype p53, whereas MINO, Jeko-1, REC-1, MAVER-1, and NCEB-1 express mutant p53. GSK2830371 exerted dose-dependent anti-proliferative and/or apoptotic effects on sensitive MCL cells at concentrations ranging from 2.5 to 10 µM, although these effects were modest in most cell lines except for Z-138. The highest concentration of GSK2830371 (20 µM) did not exert stronger antiproliferative or apoptotic effects relative to a concentration of 10 µM. Notably, 10 µM GSK2830371 inhibited the growth of p53 wild-type Z-138, JVM-2, and Granta-519 cells by 68%, 38%, and 39% at 48 hours, respectively ( Table 1 ). The anti-proliferative effects on p53 mutant cells ranged from 7% to 32%, which were significantly lower than those observed in p53 wild-type cells (P = 0.036). GSK2830371 induced ≥ 50% killing only in Z-138 cells. In sensitive Z-138 cells, GSK2830371 caused a significant loss of mitochondrial membrane potential in addition to annexin V induction (16.7 ± 2.9% specific loss after 72-hour treatment of 5 µM GSK2830371), confirming its apoptotic activity. To further investigate whether the p53 status determines GSK2830371 sensitivity, p53 wild-type Z-138 and JVM-2 cells were transduced with lentiviruses encoding either negative control shRNA (ShC) or p53-specific shRNA (Shp53) to generate stable shRNA-expressing cells. p53-specific shRNA reduced p53 levels by > 85% (Figure 2A ). The isogenic cells were exposed for 72 hours to GSK2830371 or the selective MDM2 inhibitor Nutlin-3a, which activates p53. Nutlin-3a was included to determine the functional knockdown efficiency of p53. As shown in Figure 2A , p53 knockdown Z-138 cells were less sensitive to GSK2830371-and Nutlin-3a-induced growth inhibition and apoptosis than were control cells, suggesting that GSK2830371 activates p53-mediated signaling to induce growth inhibition and apoptosis. Similarly, p53 knockdown desensitized JVM-2 cells to GSK2830371-induced growth inhibition ( Figure 2A ). Taken together, our data suggest that the anti-MCL effects of GSK2830371 are partially p53-dependent.
GSK2830371 increases the levels of total and phosphorylated p53 and activates wild-type p53 signaling in MCL cells
To investigate whether GSK2830371 activates wild-type p53 signaling, the cells most sensitive and least sensitive to this inhibitor, Z-138 cells expressing wild-type p53 (ED50 of 3.7 µM after a 72-hour exposure to 10 µM GSK2830371) and MAVER-1 cells expressing mutant p53 (< 1% annexin V induction after 72 hours), respectively, were exposed to GSK2830371, and the levels of total and phosphorylated p53 in these cells were determined. As shown in Figure 2B , increases in both total and phosphorylated p53 levels were detected in Z-138 cells as early as 12 hours after exposure. Decreased levels of p53 at 48 hours relative to those at 12 and 24 hours appeared to reflect decreased viability in GSK2830371-sensitive Z-138 cells. MAVER-1 cells expressed high basal levels of total and phosphorylated p53, which is common in cells that express nonfunctional mutant p53, and these levels did not change significantly after treatment. GSK2830371 also induced the expression of transcriptional targets of wildtype p53. As shown in Figure 2C , GSK2830371 induced p21 and PUMA expression in Z-138 cells. p21 and PUMA play major roles in p53-mediated cell cycle arrest and apoptosis, respectively [31] . GSK2830371 treatment did not affect the p21 and PUMA levels in MAVER-1 cells. These data suggest that GSK2830371 increases the levels of total and phosphorylated p53 and activates wild-type p53 signaling.
PPM1D expression levels per se and the phosphorylation statuses of PPM1D targets were not determinants of MCL cell sensitivity to GSK2830371
PPM1D is a serine/threonine phosphatase that targets multiple proteins. We investigated whether basal PPM1D levels or the phosphorylation statuses of PPM1D targets were associated with MCL cell sensitivity to GSK2830371. The levels of PPM1D and phosphorylated NFkB-p65, p38 MAPK, and histone H2A.X varied IC50, inhibitory concentration at which cell growth is inhibited by 50% as determined by trypan blue dye exclusion assay; ED50, effective concentration inducing 50% killing as measured by annexin V positivity.
widely among MCL cell lines ( Figure 3A) . None of these levels correlated with cell sensitivity to GSK2830371 ( Figure 3B ). Induced levels of phosphorylated NFkB-p65, p38 MAPK and histone H2A.X by 24-hour treatment with 10 µM GSK2830371 were also correlated with the sensitivity. Again, no statistically significant correlation was observed (Supplementary Figure S3) .
GSK2830371 potentiates the anti-lymphoma effects of Nutlin-3a, bortezomib, and doxorubicin
We [9, 32] . As shown in Figures 4 and 5, GSK2830371 enhanced Nutlin-3a-induced growth inhibition and apoptosis induction in p53 wild-type Z-138 and JVM-2 cells. Some synergism was observed between GSK2830371 and Nutlin-3a with respect to growth inhibition in p53 mutant MAVER-1 cells, although the inhibitory effect was modest even in the combination group (approximately 40% growth inhibition) (Figure 4) . Since Nutlin-3a has been shown to induce p73 (a p53 homolog) by inhibiting MDM2 in MCL cells [9] , and thus the observed synergy might be attributable to the phosphorylation of PPM1D targets and activation of MDM2 targets other than p53. The GSK2830371/Nutlin-3a combination did not induce significant apoptosis in MAVER-1 cells (Figure 5 doxorubicin suggested that GSK2830371 enhances bortezomib-and doxorubicin-induced growth inhibition and apoptosis, irrespective of the p53 mutational status (Figures 4 and 5) . We investigated the potentiating effect in three additional MCL cell lines (MINO, JeKo-1 and REC-1) that express mutant p53 and are resistant to GSK2830371-induced apoptosis. The potentiation was prominently observed in REC-1 cells (Figures 4 and  Supplementary Figure S4) , implying that the potentiation effect of GSK2830371 depends on p53-unrelated intrinsic abnormalities in MCL cells. The p53-independent potentiation effect of GSK2830371 on the anti-lymphoma effects of bortezomib and doxorubicin supports the idea that PPM1D inhibition could be widely exploited in combination therapeutic strategies for MCL.
GSK2830371 enhances p53 activation and apoptosis induction mediated by Nutlin-3a, bortezomib, and doxorubicin
To investigate whether GSK2830371 could enhance p53 activation and cell death induced by Nutlin-3a, bortezomib, or doxorubicin, the expression of total and phosphorylated p53 and degree of PARP cleavage were determined in Z-138 and JVM-2 cells after a 24-hour exposure to GSK2830371 with Nutlin-3a ( Figure 6A ), bortezomib ( Figure 6B ), or doxorubicin ( Figure 6C ). All combinations significantly increased the levels of total and phosphorylated p53 in both cells and induced a higher degree of PARP cleavage in Z-138 cells. The induction of p53 was most prominent in cells treated with the GSK2830371/Nutlin-3a combination. Bortezomib has a distinct drug target, the proteasome, and has been shown to induce apoptosis through both p53-dependent and -independent pathways. Based on the observed synergism between GSK2830371 and bortezomib ( Figures 4, 5 and Supplementary Figure S4) , we determined the levels of total and phosphorylated p53 and cleaved PARP in p53-defective MAVER-1 cells exposed to GSK2830371 and bortezomib, both as individual agents and in combination. The p53 levels did not change significantly even in cells treated with the drug combination ( Figure 6D ). Nevertheless, the GSK2830371/bortezomib combination induced a higher degree of PARP cleavage relative to individual agents, suggestive of p53-independent activity. 
GSK2830371 sensitizes p53 mutant MCL cells to bortezomib possibly through p38 MAPK activation in addition to p53 activation
Both GSK2830371 and bortezomib target the p38 MAPK signaling pathway [33] [34] [35] , and activation of p38 MAPK has been found to cause MCL cell death [35] . As shown in Supplementary Figure S5 , GSK2830371 and bortezomib synergistically increased levels of phosphorylated p38 MAPK in a p53-independent manner. To investigate whether p38 MAPK activation plays a significant functional role in GSK2830371/bortezomibmediated lethality in MCL cells, Z-138, JVM-2, MAVER-1 and REC-1 cells were exposed to GSK2830371 and bortezomib, either as individual agents or in combination, in the presence or absence of the selective p38 inhibitor SB203580 at 10 µM; annexin V-positive fractions were subsequently analyzed. SB203580 has been found to be one of the most specific p38 MAPK inhibitors [36] . SB203580 did not influence sensitivity to GSK2830371 (Figure 7) . Interestingly, SB203580 significantly attenuated bortezomib-and GSK2830371/ bortezomib-induced lethality in three out of four cell lines (Figure 7) . The protective effect of SB203580 from GSK2830371/bortezomib-induced lethality was lesser in Z-138 cells relative to JVM-2 and MAVER-1 cells, and this difference might reflect a key role of p53-mediated apoptosis in the former cell type. These data raise the possibility that GSK2830371 sensitizes MCL cells to bortezomib partially through p38 MAPK activation. SB203580 did not protect MCL cell from doxorubicin-or GSK2830371/doxorubicin-induced lethality. 
DISCUSSION
In this study, we clarified the pathophysiological significance of PPM1D and therapeutic targeting of this protein by the novel PPM1D inhibitor GSK2830371 in MCL. Patient-derived MCL cells expressed higher levels of PPM1D mRNA than normal B-cell counterpart cells. Moreover, higher PPM1D mRNA expression was clinically associated with a more aggressive clinical phenotype and poorer disease prognosis. These data suggest that dysregulated PPM1D is actively involved in the pathogenesis of MCL and that PPM1D is a potential therapeutic target for MCL. However, the investigated cell lines were relatively insensitive to single-agent GSK2830371. The modest anti-cancer activity as a single agent has been recently described in solid cancer cells [25, 26] . GSK2830371 has the advantageous ability to induce the phosphorylation of p53 at Ser15 in a non-genotoxic manner. We, therefore, hypothesized that GSK2830371 could potentiate the anti-lymphoma effects of p53 inducers in MCL cells and confirmed this hypothesis using combination studies in which cells were treated with GSK2830371 and the MDM2 inhibitor Nutlin-3a, the proteasome inhibitor bortezomib, and the anthracycline doxorubicin.
Clinical trials have revealed single-agent clinical activity of MDM2 inhibitors in patients with p53 wild-type tumors [12, 37] . MDM2 inhibitors potently activate wildtype p53 signaling and, as expected, the p53 genetic status is a major determinant of patient responses to MDM2 inhibitors. Nevertheless, the sensitivity of wild-type p53 tumors to MDM2 inhibitors has varied widely among cancer types and patients. This highly divergent sensitivity has also been reported in p53 wild-type cell lines and patient-derived samples, and is likely associated with a range of genetic variables that may limit p53 reactivation or modulate cell fates after p53 reactivation [38] . In MCL, a limited activity of p53-mediated transcription has been reported [11] . We found that GSK2830371 potentiated the responses of MCL cells to the MDM2 inhibitor Nutlin-3a in association with a profound increase in phosphorylated p53 levels. The phosphorylation of p53 at Ser15 increases p53 transcriptional activity [31] . Esfandiari et al. recently reported a similar finding [26] , in which GSK2830371 potentiated sensitivities to MDM2 inhibitors in p53 wildtype cancer cell lines harboring either PPM1D copy number gains/elevated expression or gain-of-function truncating mutations. Other researchers have also reported an association between higher PPM1D expression levels and increased sensitivity to GSK2830371 [27, 28] . As our data demonstrated increased PPM1D expression in MCL cells, dual inhibition of PPM1D and MDM2 would be a logical approach to the treatment of MCL and, particularly, the aggressive form of this disease.
GSK2830371 potentiated the anti-lymphoma effects of bortezomib and doxorubicin in p53 wild-type and mutant MCL cells. Previous studies have shown that the anti-cancer effects of GSK2830371 are observed exclusively in p53 wild-type cells [25] [26] [27] [28] . For example, Richter et al. have reported that p53 mutations predict GSK2830371 resistance in neuroblastoma cell lines [27] . However, PPM1D is not a specific p53 phosphatase but Z-138 and JVM-2 cells were treated for 24 hours with GSK2830371 (4 µM for Z-138 and 10 µM for JVM-2) or (A) Nutlin-3a (2 µM for Z-138 and 6 µM JVM-2), (B) bortezomib (12 nM for Z-138 and 14 nM for JVM-2), or (C) doxorubicin (16 nM Z-138 and 100 nM JVM-2) either as individual agents or in combination, after which the levels of total and phosphorylated p53 and PARP were determined. (D) MAVER-1 cells were treated with 10 µM GSK2830371 and 14 nM bortezomib either as individual agents or in combination. The expression levels of total and phosphorylated p53 were determined after 24 hours of treatment; the degree of PARP cleavage was determined after 48 hours. The intensities of immunoblot signals were quantified, the intensities relative to β-actin were calculated, and the levels in untreated cells were set at 1.0. The results are representative of three independent experiments. instead targets a wide range of proteins. Most PPM1D substrates either initiate or contribute to cellular stress signals and the removal of activating phosphorylation has been thought to liberate cells from cellular stress [39] . p38 MAPK is generally a pro-apoptotic and stress-related protein that is regulated by PPM1D and the proteasome [33] [34] [35] and its activation has been found to cause MCL cell death [35] . Our data, which indicate that the pharmacologic inhibition of p38 significantly reduced GSK2830371/bortezomib lethality in both p53 wild-type and mutated MCL cells, suggest that this stress pathway contributes functionally to apoptosis. The p53-independent potentiation effect was also observed with the combination of GSK2830371 and doxorubicin, although doxorubicin exerts its anti-tumor activity through a number of proposed mechanisms of action, and thus, the mechanism relevant to this study could not be elucidated. Although a single-agent activity of GSK2830371 was modest against MCL cells, especially against those with mutant p53, its p53-independent potentiation effect on bortezomib and doxorubicin may support the use of PPM1D inhibitors as part of a combination therapeutic strategy for MCL.
MATERIALS AND METHODS
Reagents
GSK2830371 was purchased from Tocris Bioscience (Bristol, UK), and the MDM2 inhibitor Nutlin-3a and p38 MAPK inhibitor SB203580 were obtained from Cayman Chemical Company (Ann Arbor, MI, USA).
Cells and cell culture
A total of 8 MCL cell lines were cultured in RPMI 1640 medium containing 20% heat-inactivated fetal bovine serum (Table 1) . Z-138, JVM-2, MINO, JeKo-1, REC-1, MAVER-1, and NCEB-1 were purchased from ATCC (Rockville, MD) and Granta-519 from DSMZ (Braunschweig, Germany). Z-138, JVM-2, and Granta-519 cells express wild-type p53, whereas MINO, JeKo-1, REC-1, MAVER-1, and NCEB-1 cells express mutant p53 [11] . Z-138 and JVM-2 cells were transduced with retroviruses encoding either p53-specific shRNA or scrambled shRNA to generate stable shRNA-expressing cells [11] . MCL cell lines were harvested during log-phase growth, seeded at a density of 2 × 10 5 cells/ml, and treated with compounds as indicated. The number of viable cells was evaluated through triplicate counts of trypan blue dye-excluding cells. Patient samples were analyzed under the protocol approved by the institutional review board at Saga University (2014-10-05). Heparinized peripheral blood samples were obtained according to institutional guidelines per the Declaration of Helsinki.
Apoptosis analysis
Flow-cytometric determination of Annexin V binding and mitochondrial membrane potential loss was performed [10] . Apoptosis was quantified as the percentage of annexin V-positive cells. The frequency of drug-specific apoptosis was assessed using the formula (% test-% control) × 100/(100-% control). Z-138, JVM-2, and MAVER-1 cells were exposed to GSK2830371 and bortezomib in the presence or absence of the selective p38 inhibitor SB203580; the annexin V-positive fractions were determined after 72 hours. SB203580 was added to the cells 30 minutes before the administration of GSK2830371 or bortezomib.
